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FOREHORD

This report summarizos the results of in experimental and analytical
rescarch program to investigate means of reducing the noise of heli-
copters,  The program was conducted by Bell llelicopter Company under
Ve 3. Army Transportation Research Command Contract DA 44-177-TC-729
(Reterence 1) and was carried out und.r the technical cognizance of

Mro o Jolm B, Yeates, USATRECOM, Fort Bustis, Virginia,

The acoustical measurements and the recduction of test data =cported
herein were conducted by the Acoustical Instrumentation Test Lab-
oratories of General Jdynmamics Corporation, Fort wcrth, Texas, Those
data arc presented in General Dynamics Report FZM-2471 (Bell Report
No, 200-000-192), copics of which arc available con requcst, Per-
sonnel associated with this program were Messcs, C, R, Cox, S. M.
Hamzeh, J. A, DeTore, J. M. Drees and R. R. Lynn of Beil and Messrs,
C. P. Fisher, P, T. Mahaffey, E. L. Kelsey, 5. M, White and E. E.
Murphy of General Dynamics,
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it Velocity of sound, (1117 {ect/sceend, sea level, standard
conditions)

b Number of blades
BRI Blude loading, pounds/square fect
b Fundamental {requency o¢ rotational noise, radians/second
¢ Rotor chord, inches
cq Form drag coetilicivnt .
CT Roter thrust coefficient, CT = T
RZANEN R
d Projection of blade profile width on the nlane

perpendicular to the direction of motion, fect

f Frequency, cycles per second

GW Gross weight, pounds

Jnb Bessel function of first kind with index mb

k Propagation loss coefficient, dcecibels/1000 feet

K Strouhal number

Mt Rotor tip Mach number

m Order of harmonic

p Far field sound pressure, pounds/square feet

Q Torque, foot-pounds

R Rotor radius, feet

Re Effeciive rotor radius, feet

s, Distance from an arbitrary point to noise source, feet
SPL Sound pressure level, decibels referenced to 00,0002
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t

Rotor thrust, pounds

Velecity, feet/second

Rotor %ip speed, fect/second

Acoust-¢ power, watts

Nistance from an arbitrary point tc the rotor hub along
the axis of rotation, positive in the direction of thrust,

feet

Distance from an arbitrary point to the rotor hub per-
pondicular to the axis of otation, feet

Angle cf attack, degrees
Elevation angle of helicopter from ground observer. degrees

Azimuth angle measured in counterclockwise direction with
zaro degrees at helicopter tail booum, degrees

Tip speed ratio, ¢ = Vcos=/.2R

Pensity of air, slugs/square feet
Rotor solidity

Density ratio

Angular velocity, radians/second

Unit of loudness level, referenced to 0,0002 dynes/square
centimeter

Unit of loudness, log ;5 N = 0,03 Ly - 1,2 (By definition,

a loudness of one sone is selected to correspond to a
loudiess level of 4V phions) (Ref .ceuce 9)
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I, SUMMARY

This roport prosents the results of an experimental and analytical
study of the origin and possible means of reducing helicopter noise,
Acoustical and performance data are presented for a single rotor tur-
bine powered heliceopter (HU-1A) with several main rotor configurations,
Also, simultancousiy recorded rotor blade pressure and acoustical test
data are given,

Noisce oriteria are reviewed and established on the basis of over-all
sound pressure and loudness level, The latter pertains to the auditory
scnsation as perceived by an observer and is preferable as a measure

of the relative importance of the various noisc sources, Based on

the loudnese level eriterion, fhe moest prominenl noise components of
the test helicopter are identified, For the far field case, theSe are,
in their order of prominence: (1) main rotor Dblade slap (when it
occurs), (2) tail rotor rotational noise, (3) main rotor vortex and (4) x4
rotational noise and (5) arive system and power plant nci=sz, Blade
slap is characterized by high intensity sound pressures of all fre-
quencies and occurs at the blade passage frequency, This noise is
shown to be dependent upon flight condition and configuration, It

is noted that single rotor helicopters arc less susceptible to blade
slap than tandem machines.

Main rotor rotational and vortex nuvise components are defined and iden-
tificed from the test data, Trends of bhoth rotational and vortex noise
are established as a function of the various aerodynamic parameters in-
cluding thrust, tip speed, number of blades and blade loading, The most
sigrificant parameter is shown to be tip speed, The basic trends are
noted to be valid for tandem helicopters such as the HC-1B, Similar
conclusions are obtained for the tail rotor, based primarilv on theoret-
ical considerations, On the basis of these studies, design and opera-
tional techniques resulting in minimum far field noise for cxisting
helicopters are given,

Several modifications to the HU-1A and HU-1B helicopters are presented
and discussed in relation to their cffects on noise, performance and
cost, It is shown that signifizant nuise re . o*ion is possible by
modifying the main and tail rotors to operate at lower tip speeds,

The Lest over-all tuil rotor modification selected, which includes a
new four~bladed rotor with standard HU-1 blades and a new hub and gear
box, is shown to have a loudness of about half that of the HU-1A tail
rotor. When used on the HU~1A and HU-1B, however, only a 20 per cent
reduction in total loudness of the helicopter i{a realized due to the
noise generated by the main rotor, Performance changes resulting from
the modified tail rotor are negligible,
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The main retor modifications studied involved increascs in blade arca

o wceommedate the Tow Lip specd speration, Beth twe-bluaded and three-
blaae:l bish selidity roters are corsidered amd maximum use i# made of
culsting HE=1A and HUe-1R blades, It is shown that the modificetions

of the main rotor, in conjunction with that of the tail rotor, result
1a total louwdness reduction Cor the HE=1IA of about 190 per cent.  For
the=e modifications, the performuance is approximately the same as that
of the basic helicopter,  Since tle tail rotor noise is higher than that
¢f the main rotor, modificaticns to only the main rotor will result in
ne appreciable change to the loudness of the noise gensrated by the heli-
copler,

It is voncluded that tor the HUI-1 scries helicopter, the tail rotor is
the noise source which should be first attacked, since it exists during
all flignt conditions, Blade slap, which is most significant for tandem
helicepters, should be further defined and means of its mitigation
iavestigated,
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11, CONCLUSIONS AND RiCOMMNDATIONS

i

Bascd o the resalts of this study, v 15 concluded that

[

3)

4

5)

6)

The wast prominent Car ficld nvis. sources and components for

single rotor helicopters of tne general size of the HU-1 are,
in their ocder of prominence:

a)  muin rotor blade slan (when 1t occurs),
b)  tail roter rotational noise,
¢) main rotor vortex noise,

Blade slap of a single rotor helicopier is dependent on flight
conditious, and conscquently its effects may be mitigated by
operational techniques, For the tandem helicopter, the problem
is more gencral and can hecome severe, The mechanism ~f tha
gencration ¢f this noise is not fully uaderstood; however, indi-
cations are that theoreiical techniques to describe this source
and to evaiuate the effecis of various narameters are possible.
The remaining conclusions are applicable to the general case when
blade sla»n does not occur,

The proninent noise sources will vary depending principally on
the size of the helicopter; e.g., for small helicopters with
high rotor speeds, the main rotor rotational component may be
expected to predominate over tail rotor noise,

Based on the experimental and analytical data of the subject pro-
gram, the most significant rotor parameter associated with heli-
copter noise is tip speed, Lower tip speed operation results in
a reduction of all aoise associated with the helicopter, The
effects of tip speed predominate over the effects of other para-
meters when they are considered sinmultaneously,

Significant noise reduction of the HU-1A helicopter is indicated

to be possible by the use of a ncw four-i id.d tail rotor operating
at lower tip speed, Production HU-1 blades and a new tail rotor |
gear box and hub are required., Based on the results of this study,
the loudness of the noise associated with the HU-1A tail rotor

may be reduced as much as SO per cent by this modification. Be-
cause of the state of the art of noise prediction, however, this
estimate is not certain and should be confirmed by an experi-
mental program.

With the new tail rotor, only a 20 per cent reduction in the total
loudness associated with the helicopter can be tealized due to the
noise generated by the main rotor, The reduction in main rotor




=1
~

notse is depeadeat on the extent o whizhh the tip speed can be
reduced, Redactions are shown For several HU-1 modificationsg
the most significant involves the use of the HU-1B rofor system
2o the HE=YA heliconicr, For this cass, the total loudness of
the helicopter is reduced about 49 per cent and the performance
is increased siightly. The majot effect of the new main rotor
is to allow operation at low tip spoued,

An extension of existing theory relating to prop-rotor noise and
additional basic rescarch regardiag subjective response to com—-
hinatinas of complox sound prossurs waves are needed to define
fully and cuoatrol the noise associated with VIOL aircraft
operation,

It is recommended that

1

2)

3)

An experimental verification he made of the noisz2 reduction pos-
sibilitias indicated herein for the HU-1 tail rotor modarfitation,
If the estimated reducstions are found to be correct, then con-
sideration should be given to equinping all HU-1 heliceptoers
with tha*t tail rotor.

Consideration be given to equipping the HU-1A helicopter with
the HU-1B main rotor in addition to the tail rotor cesulting
from (1) above, For the basic mission iavestigated, this con-
figuration resulted in the lowest tctal loudness,

An ¢ver-all noise centrol program for VIOL aircraft be initiated
to,

a) develop an adeguate theoretical basis for rotor noise pre-
diction, and

h) verify the theoretical approach by an experimental program
to define blade slap and to evaluate the effects on noise of
such rotor blade modifications as twist distribution, taper,
special nutpoard shapes, etc,




I1I. INTRODUCTION

Because of the expandie: use of the helicopter for Army tuctical missions,
For operation in nencombat arveas, and for civilian transportation, it

han beceme Increasingly important to develop an understanding and means
2f mitigating the noisc associated with VIOL aircraft operation, Recog-
nizing this, the !y S, Aomy Transportation Research Command initiated

this program to investigate means uf reducing the noise associated with

helicopters and to show the ¢ffects of the possible noise reduction
wedidicatiors on the over-ali performance of these machines.

The =tudy was intended to be a genceral troatment of the helicopter noise
problems It was to be based on the availaple il.terature, in addition

oo tie feeulls 0f o limited acoustical measurement program of several
rotor configurations on the HU-1A helicopter. Supplementary measure-
ments of acrodynamic blade pressures werfe to be used to relate rotor
Goise with air load variation ana hlade moments., With these measure-
ments the comparative effects of solidity, thrust ccefficient. tip
speed, number of blades, etc., were to be obtained directly.

At the onset of the work, a review of the literature confirmed that
there are only a few reported investigations (e.g., References 2, 3
and 4) which deal directly with the helicopter nnise problem. Further,
the theoretical definition of rotor noise is not well developed,
Existing theory as used and summarized in Reference 5 relates to the
symmetrical flow case associated with a propeller rather than the
asymmetrical flow of a rotor, or prop-rotor, In addition, the em-
pirical treatment of high frequency propeller noise of Reference 6
deals only with low Reynolds number flow,

With these limitations in mind, emphasis during the subject program
was placed on cbtaining acoustical measurements on which ultimately

an adequate theory ¢ould be based and on developing, insofar as the
scope of the program allowed, an understanding of the noise associated
witbh ihi.licopter ~peration., During the course of the program, estabd:!
lished techniqucs were selected to define quaniitatively the principal
neise associated with the helicopter and to evaluate the possibilities
of its reduction,

The performance, weight, etc., associated with the noise reduction
techniques studied are presented for the HU-1 helicopter. Specific
modifications to other helicopters are not considered because of the
lack of directly comparable data on those machines, For the main
rotor, these modifications are based principally on the acoustical
data obtained during this program, Propeller thecry is used for the
tail rotor to establish noise reduction trends associated with various
configurations and designs, To evaluate the noise recduction possi-
bilities associated with tail rotor modifications, tue calculated data
are modified empirically based on the results of the subject program,

~




TV, CEGXPERIMENTAL TEST PROGRAM

Ae  GENEKAL

The objectives of the test portion of this program were to pro-
vide information on the origin of helicepter noise and to show the
R effects on noise of the various parameters associated with rotor de-
s sign, The subject test program included a number of acoustical measure-
mentls of the HU=1A helicopter with three main rotor configurations
during tiedown, hover and fly-over operation, In addition, aerody-
jamic pressure measurements on the standard HU=1A configuration during

. {ly-over were made simultaneously with acoustical neasurements, A
R . N . .
. detailed report of the subject test program and the acoustical data
are giver n Reference 7,

See B, DESCRIPTION OF TEST HEVL.ICOPTER AND ROTOR CONFIGURATIONS

. The basic test vehicle used in this program was the HU=14 heli-
copter, Several models of the HU-1 airframe were used during the
tests of the various rotor configurations, A photograph of the HU-1A
is shown by Figure 1, A three-view drawing with dimensional data is
prescented in Figure 2.

Descriptions of the rotor configurations tested during the pro-
gram are summarized in Table 1, The various rotors tested are de-
fined in that table as Configurations I, II and III. Configuration 1
is the standard HU-1A rotor system, Configuration Il is the standard
HU~1B rotor system, and Configuration III is an experimental three=-bladed
. rotor system. The production HU-1A tail rotor was used with all main
ha rotor configurations,

C. ACOUSTICAL MEASUREMENTS

1, Test Conditions

The test schedule and helicopter operating conditions are
given in Table 2, The data of Table 2 include the test and con-
figuration numbers, the rotor configurations and the operating con-
ditions (e,g., engine spced, gross weight, e .,,. Tiedown tests of
Configuration 1 were made at a constant power setting with and with-
out the tail rotor, as ncted, Hover and fly-over tests of all con-
figurations are indicated in the table, During the fly-over tests
of Configurations I and II, flight conditions of low power letdowns
and decelerations were performed and recordings of blade slap were
cbtained, Changes in thrust and blade loading were achieved by
varying the gross weight for each configuration, The range of test
gross weights was limited due to weight of the air load instru-
mentation (Configuration I) and to temporary flight limitations on the
experimental three-bladed main rotor (Configuration III1),

e e RN S




The environmental conditions encountoered during the tests are
summarlzed in Table 3, The wind directions and velocities, temper-
atures and humiditics for the various test dates are presented. The
variations in temperature and humidiiy during the tests were small
and onfy the wind conditions of test runs 21 lirough 20 (fly-over
tests, Configuration 1) are considered to be marginal,

Ze Microphone Locations

i Ground plane measurements were made at radii of 50, 100 and

: 200 et and at 30 degrees of azimuth during the tiedown and hover
tests, This 1s illustrated by Figure 5. During the hover tests, the
helicopter remained in ground etfect (IGR) at approximately 5 feet

AT itend s, Mismaphone O

Wi inntalled Juring scicoled tosts inside

the helicopter in the pilet's compartment,

SR Flv-over measurements were made a2t ground locations with the
- helicopter flight path at approximately 50 feet altitude, This is
illustrated in Figure 4, The microphone locations wers ~n a line per-
pendicular to the flight path at distances of 100 and 200 feet.
The microphunes, incorporating wind screens, were attached to alumi-
num stands with the diaphragm at a height of approximately 5 feet
above the ground,

Special Runs (SR) 1 through 6 consisted of varying the micro-
phone height {rom 5 to 15 feet above the ground plane at distances
of 50 and 100 feet in front of the helicopter (Configuration I1I)
to determine the effect of microphone ground height at various disw
tances from the machine. These data are iliustrated by Figure 5.
It is seen that the over-all sound pressures are greatest near the
ground; however, the effect diminishes as distance is increased,

The fly-over measurements were made in an open field with low
grass covering, The tiedown tests of Configuration I and the hover
tests of Configurations I and II were performcd on a concrete ramp.
During these tests the microphones were necessarily positicned over
concrete and short grass. The hover tests of Configuration III were
performed with all microphomnes located over short grass, The dif-
ference in grovnd covering produced a sliy. -ariation in measure-

‘ ments,

3, Instrumentation

The acoustical measurements of this program were made with
Altec Lansing Equipment including 213R150 and 21BR180 microphones
mounted on Type 165A bases, Type 526A power supplies and Type 420B
amplifiers, The output of the amplifier was directed into cne channel
of an Ampex Type PFR-110 Tape Recorder, Figure 6 shows a portion of




this eguipment. At cach microphens location the over-all noise level
was monitored and any erratic microphone was replaced, Six microphones
were recorded simultaneously with @ seventh channel used {or identi-

fication,

Over-all sound pressure levels were measured and tape recordings
A ;" of the microphone sutputs were made at each posiiion for all operuting
. conditionse, A 400=c,p,%, tone of known amplitude and a random noise
signal were recorded at the beginning of cach sccies of runs for the
purpose of calibratiaon.

4, Data Reductigg

The tave recordings taken in the {icld were played hack throuch
the data reduction system shown in Figure 7, The tape recordings were
re-recorded in the laboratory on an Ampex FL-100 Loop Recorder, Overw
all and one=third octave band levels were recorded on a Bruel and Kjaer
Model 2304 Level Recorder, Narrow band analyses were made with a 6=
CePeSe. constant bandwidth filter, the output being r-cerd:- 2: a Moseley
Autograph X~-Y Recorder (freguency versus sound pressure level),

The data reduction schedule for the tests is shown in Table 4.
Over-all levels were recorded for all test conditions, One-third octave
analyses of one hover condition were performed for each configuration,
and 6=-c,p,s, bandwidth analyses of the recorded data were made for a
number of microphone locations. In addition, oscillograph time histories
of selected data were performed using a 25~c.D.5. constant bandwidth
filter,

The readings taken from the tape were corrected for filter in-
sertion loss and were adjusted for recording and playback attenuation
settings and system gain factors, Corrections for the frequency res-
ponse of the two types of microphones used during the measurements
are given in Figure 8, These corrections are to he applied to all
6-C.p.s. constant bandwidth data presented in this report and in Refer-
ence 7, In addition, these data in the 10wto 50wc,pese frequency
range were found to be shifted slightly from the correct frequency,
This results in the low frequency main rotor noise components being
displaced several c,p.s. from their actual - Y-, At approximately
70 c.p.S. an erratic system resonance was found to occur., Thig was
due to the data reduction system and is not nresent in the noise spect-
rum; therefore, this peak was disregarded,

Data reduction by 6-c.p.s. constant bandwidth analyses offers
the advantage of accurate resolution of noise composed of discrete fre~
quency components, However, attention must be given to the dynamic
range of the acoustical instrumentation system and to the noise re-
jection properties of the filter when analyzing noise with high
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intensity, Tow fredquency components (tvpical of helicopter noise),

Foro the majority of the subject tests, the upper and lower limits of
the dynamic rance were arproximately 105 and 5 decibels,  Thetefare,
naise components with levois bodow thic lower tismit are ant tdenti{ied,
In addition, the maximum rejection of the o-c,p.s, filter to noise
“ely 25 decite-1~, therefore, bigh
freaueney cemponents with levels of 25 or mere decibels below that of
the low frequency main rotor noise are net resolved,

cutside the band; ass is approvis

D. AIR LOAD MEASUREMENTS

Differential pressures on a rotor blude were measured simultane-
ously with acoustical data te correlate the noise Zenerated by a heli-
Lepter main roter wrrh the aerodvnamic Jrads on the hlade, Both air
load data and internal and external neise measurements were recorded
for the fly-over test conditions of Coafiguration I (test runs 30
through 42,

The measurement of main roter aervdynamic ioads was ac.umplisied
by the use of NACA-type pressure transducers mounted inside the blade.
These transducers were mounted at five vadial distances, 49, 75, 85,
90 -and 95 per cent radius, and seven chord locations extending from
2 per cent to Y0 per cent chord, Before and after each test, each
transducer was calibrated with a reference differential pressure,

The air load data measured during the subject program for two
operating conditions are presented in the Appendix. Portions of
these data ar> used in later sections to relate main rotor generated
noise with differential pressure fluctuations over the hlade,

It was intended to correlate blade bending moments, pressures and
rotor nois¢ simultaneously; however, the tecst helicoupter (from another
program) was not in the proper configuration for meisuring blade bend-
ing moments av the time the subject tests were conducted, For the in-
terested reader, similar flight conditions with blade lending moments
and differential pressures are reported in Refereunce 3.



T ¥, LISCUSSTON OF HG.TCOPTER MOISE AND RESULTS OF TEST PROGRAM

Ao GENERAL

The naise produced by the coeration of a helicepter is an unavoid-
g ie Crnscuuince ol prornisten, Brocauge of the multiplicity of com-
ponents ot g helicopter preopulsica system, an observer dotects o cons
plos comyination of sound vncrgics. This combination results in the
noise associated with helicopters which unfortunatcly cannot e 2limi-
nated completely. It is helicved, however, that future helicopters
{ may bo designoed to produce acceplable noise levels for most missions,

In initisting a noisc control program, an understanding of the

. origin of the noise relaled to the various sources is required, Such
.~ aiparhoosiaxiing must include the identificatien of the varicus sources,
' the description of the generation of that noise, and an evaluation by

a meaningful criterion of the sounds which an ohserver perceives as

the prominent noisc prodaced by the vehicle, The following paragraphs

? discuss these items for the helicopter and are aimed at presenting a
general treatment of the problem based on the results of the subject
test program amnd the tindings of this ztudy,

B. CRITERIA

Noise is dcfined as an undesirable or unwanted sound. Sound is
compuaed of pressure waves whose magnitudes and trequencies are sensed
by the human ear, The undesirability associated with the sound in-
velves the subjective response of the observer which includes not
only the physical stimulus of the ear as a function of intensity and
frequency of the perceived noise, but also psychological factors,
Thus, the observer pecceives the noise in terms of whether or not
the sound is loud, annoying, interferring with his speech, etc. In
effect, the observer instinctively establishes a criterion by which
he judges the acceptability of a noise.

Lo

The criteria used during the subject program to evaluate the pos-
tible reduction of helicopter noise are based on over-all and component
sound pressure levels and component loudncs: ievels, A brief dis-
cussion of each is given below in addition to comments on the char-
acter of helicopter noise.

1. Over-all Sound Pressure Level

Over-all sound pressurc levels consist of the total sound
pressure intensity reaching an observer; however, this measure does
not include the effects of frequency. These levels are used te obtain
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. v er-ad ] mani tude of a given noise; however,

cnovaltatine quantitatively or comparing roisc
!

Py Nt st hartacter,  Over-alld o sound pressure levels
it 0t are I1aparithims of the sound pressure
Pl e e Lo e 0 v seauare centimeter,

Unless otherwise noted,
ali acen-trot data prenented in this report are referenced to this

O, Congeenent Soand Pressurve [ v_l

Additiocal infarmation ix ot-ai- o from a narrow bandwidth
analy=is that shows the sound pressurc level as a function of fre-
aueney.  From this, the sound pressure 1,.vel emanating from the ma-
Sor seurees may be identificd,  The accompans ing sketch illustrates
this. Note that the noise of the main and tail rotors and trans-
missions may be identified. It is also indicated on the sketch that
the over-all sound pressure level is almost exclusively determined
by the main roler two—, four- and six-pur-rev noise peaks.

PRESSURE LEVEL

OVER=ALL SOUND Z

TAlL FOTOR DISCRRTE
FREQUENCY NOISE
(PER REV!

TalL ROTOR
GEAR BOX NOISE.

MALIN ROTOR DISCRETE
FREQUENCY NOISE

:E\, (PER REV)
S—— ~- INAUDIBLE
10 160 106y 10,000

FREQUENCY, C. P. S.
NARROW BAKDWIDTH ANALYSIS
OF HELICOPTER NOISE

NARROW BANDWIDTH PRESSURE LEVEL
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Although the investigation of the frequency spectrum permits
a determination oY the components contributing to the noise, it is in-
adequate to define the noise as peveeived by ar observer, Below about
20 cepas,e and above about 0,000 c.p.s., sound is insudible., Because
the highest sound pressures as=oclated with helicopters occuv at low
frequencies (11, Z23, ctCe CaPaSe), & criterion based only on sound
prossure levels will resalt in gn incorrect evaluatlion of the relative
prominence of the noise produced by the various components. To al-
leviate this, a criterion based on component loudress level is used,

Ja  Component Loudness Level

The loudiess ol a noise pertains to the magnitude of the audi-
tory sensation experienced by the observer, A measure of the loudness
of the various component sources may bie ebtained from loudness levels
determined from narrow bandwidth sound pressure levels and the em-
pirical data of Refercnce Y, 1In that reference, loudness levels ex-
pressed in phons of single frequency tones covering the andible range
of frequencies are defined as curves of equal loudness level on a
sound pressure-frequency plot, Loudness level contours from Ref-
erence Y are shown by Figure 9. These curves show the free field
sound pressure level of tones of different frequencies judged to be
equally ioud, The unit of loudness level, the phon, is referenced
to 0.,0002 dynes/square centimeter similar to sound pressure level,

1t should be noted that both sound pressure level a2ad loud-
ness level are logarithmic functions and the comparative loudness
levels of various sources are not additive. To add and compare noise
on a linear scale, another unit is introduced in the literature and
is termed the "sone.” Figure 10 is a nomogram for converting loud-
ness levels to loudness, in sones, Direct comparison of lioudness .
may be made on the sone rather than the phon scale for noise of widely .
separuted frequency components,

4, Character

In evaluating helicopter rotor noise, an important consid-
eration not included in the above criteria is the character of the
noise. The character of a particular no'se 1 ~ce influencés the de=
tectability of that source; thus, a pulsat ng or modulating sound will
be easier to detect than a steady noise of the same loudness level,

Such is the case for main rotor noise which periodicrally increases and

decreases in intensity due to rotating sources. The character of a

noige is not directly considered in the loydness level criteriou; .

however, an attempt to approximate this effect is made by evaluating ' - B
the peak levels for the rotor noise components inatead of the average

or root-mean-square values,
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¢, QUER-ALL NOISE

e cver-all noise of a helicopter varies for different nodes of
operation., Buring hiover, the vver-all sound pressure at the center
o the rotor is constant csoept for tle of fects of small control
motions and dewnwasih disturbances, During forward {light, the ground
abserver Jdetects a variation in the over-all noisce due to the asym-
metrical air loads acting on the rotor, to distance and Doppler cffects,

To establish the over—all noisce characteristics of the test heli-
copiter under controlled conditions, over-all sound pressure level
measuroments were tahen while the machine was operated on tiedown,
These tests were conducted o establish the relative intensities of
the helicopter avise at different angular and radial positions with
respect to the machine,

Hovering acoustical tests were also conducted for the purpose of
comparing all rotor configuraticsns while operating in a normal flight
mode.  Additionarly, fly-over tests were conducted to evaluate motion
and changing distance effects and to study the in-flight cvnaracteristics
of helicopter noise,

The foliowing paragraphs present the results of the ticdown, hover
and fly-over over-all sound pressure level measurements of the subject
program., Also, the ponsibilitics of the reduction of the over-all
sound pressure of the test helicopters are discussed,

1. Tiedown

The distribution of the over-all uoise around the HU-1A (Con-
figuration I) is shown by Figure 11, Near the machine, the over-all
sound pressure level in the aft left hand quadrant is the highest.
Farther removed from the machine, the over-all sound pressure levels
at a given distance are essentially constant.

he effect of disconmecting the tail rotor is shown by a similar
plot in Figure 12. A reduction in the aft left hand quadrant sound
pressure levels results, and it is seen that the main rotor dominates
the over-all fur field noise, These data ~how that the directivity
pottern of the tail rotor influences the neir rield over-all noise of
the helicopter.

The over-all sound pressure levels at all microphone locatious
for the tiedown and hover tests are shown in Table 5, It can be seen
that the rotor (engine) speed is of prime importance in establishing
the over-all sound pressure level, Decreasing the engine speed from
6700 to 5800 r.p.m., results in a maximum sound pressure level fe-
duction of 9 decibels from 93 decibels (compare tests 5 and 7),
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2y dover

The over-all fav {icld sound pressure levels of the rotor con-
figications tested are shown by Figure 13 as a function of blade loading
and tip speed, For equal thrust conditions, test points taken from
Teblice 7 are shown, Through these points, curves of coustant tip speed
are faired, For reference, lines of constant thrust coefficient/solidity :
(proportional to mean blade 1ift cocfficient) are superimposed on the
rlot.

These data show that for the range of parameters teosted, the
over-all sound pressure level will approach a minimum at blade loadings
near v pounds per sguarve {foot,  Above that vuiue, the noise level
will inc¢rease with increasced blade loading, Doubling the blade loading
from G0 to L20 pounds per squuare foot will increase the noise level
approximately the same as will a 10 per cent increase in tip speed
(3 decibel increase from 30 decibels), For the conditions tested, it
can be sc¢en that tip speed has a significant effect on the over-all
noises. The efflect of number of blades cannot Le determiner from these o
data,

The data indicate that it is improbable that the over-all ex- .
ternal neise level of the HU-1A ot 200 feet can be reduced to 75 de-
cibels (Reference 1) by a practical change in rotor parameters, This
is due mainly to the contribution of the high intensity, low fregquency
rotor noise,

It should be noted that these data werc obtained for conditions
during which no significant stall or compressibility phenomena were en- N,
countered. 1t is believed that the general form of vhe data will remain
valid for different operating conditions; however, the magnitude of the
scund pressure level would be expected to increase with increased thrust,
stall or compressibility,

3¢ Fly-Over

Sample time histories of the fl, -over noise produced by the

| various rotor configurations are shown by Figura 14, These traces show
i two major frequency components which corres,;v-1 to the blade passage

| frequencies (two~-per-rev) of the main and tail rotor, [t may also be

| noted that as the helicopter flies over, a rapid decrease in the over-
I all sound pressure level results, and the lower frequency main rotor

i component becomes masked by the tail rotor noise, The increase in the
tail rotor noise as the helicopter flies by is characteristic of single
rotor helicopters and is a result of the varying sound pressure asso=
ciated with the moving directivity pattern of both the main and tail
rotor noise components, plus Doppler effects,
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Table 0 Jists the conditions and results of the fly-over tests,
The offeats of distunce on the flv-over noise of the three test con-
figurattons are shown, and 1t can be seen that the three-bladed main
rotor configuration pruduced the lowest over-all scund pressure level
(1ed decibels at fly-over), This is in apreement with the {indings
of the hovr tosta,  For hicher forward speeds of 90 to 105 knots
and an increasc in tip speed of 753 f,p.s,, the levels shown in Taole
O increase two to three decibels,

1t is apparcent that only limited informution regarding the ef-
fects of the various possible acrodynamic parameters and other noise
reduction techniques can be obtained by using over-all sound pressure
levels as a criterion, As stated previously, the over-all sound
pressure level is determined almost solely by the low frequency noise
components of the main rotor and, therefore, reveals nothing of the
contributions of higher frequency noise sources, To assure a more
wmeaningful critervicn, component loudness levels as discussed earlier
are used during the remainder of this study,

D, ORIGIN AND CONTROL OF HELICOPTER NOISE

The aggregate of all component noise emanating from a helicopter
gives that machine its characteristic acoustical signature, That
signature is not only a function of the specific noise sources of
the vel.icle but also depends upon factors such as distance, terrain,
ground cover, etc., as well as the response of the observer,

In this section, the noise sources associated with helicopter
operation are identified and explained insofar as possible, and the
various factors which influence the acoustical signature of the machine
are given, The noise sources are presented and discussed in relation
to that part of the vehicle's propulsion system from which they ema-
nate (rotors, drive system, power plant, etc.,). The effects of the
various parameters associated with each source are discussed and
trends of possible noise reduction are established, This section
is generally applicable to both tandem and single rotor helicopters,

l. Rotor System(s)

Rotor noise is produced by both aerodynamic forces and struc-
tural vibrations, Except in unusual cases (such as stall flutter),
the noise of aerodynamic origin is by far th: most important, Conse-
quently, this section will only be concerned with rotor aerodynamic
noise,

In the literature, propeller (rotor) noise is divided into
two components, rotational and vortex noise. Rotational neoise is
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compoced of discrote {roquenyics which are multiples of the blade passage
{requency and is associatod with the total thirust and torque of the
Blades, As represented by the sketch below, an obscrver off the axis of
rotution senses @ variation in pressure due to the rotation of the blades
and their surface pressure distribution (AP), This variation 18 assoui-
ated with the blade passage or fundamenial frequency and its harmonics.
If the blade passage frequency is sufficiently low, several of the low
harmonic pressure pulses are not audible,
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ROTATIONAL COMPONENT OF PROP-ROTOR NOISE

Rotor or prop vortex noise results from the stresses acting on
the medium, i.e,, thc boundary layer shear and the stresses arising from
the wake vortices, and extends oveér a large range of frequencies defined
by the l1ocal air flow and the frontal area of the blade, A simplified
representation of this component is shown by the following sketch, The
distinguishing characteristic of vortex noise is the amplitude modu-
lation of sound pressure at the blade passage frequency,
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The actual descripiion of prop=iotor noise is [ur more com-
plicated than represented here, This is due to Doppler effects,
dircctivity patterns, attenuation factors, etc,

A neise produced by a rotor which is not treated in the lit-
erature is the sometimes severe blade slap, Depending on the inten-
sity of the noise, it is described as a "popping" or "cracking" sound,
The severity of this noise depends on the rotor parameters and con-
figuration; however, even for the same helicopter, it will vary in
intensity depending on flight conditiona, Drspite its elusiveness,
when sevcre blade slap or crack occurs, it is the predominant noise
associated with helicopter operation, A discussion of the above
mechanisms and their significance for the main and tail rotors of
helicopters is given below,

a, Theoretical Development - To date, thc theoretical con-
sidarations relating to rotor noise are limited to idealized unis
form force distributions over the disc and to diameters associated
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with prepellce design,  The following discussions are pressnted to
illustrate the present state of the ari of rotor noise prodictien,

(1) Reiutional Noisc - A rotating blade with its as-
soctated it and drag force dictribution exerts equal and opposite
reaction forces on the air, These forees cause elastic depressions
of the uir which are transmitted as pressure waves at frequencies
determined by the air load or force variation, At a fixed point in
space, the fundamental frequency of these pressure waves corresponds
to the blade pussage frequency,

The development of the theory of propeiller rotational
noise 1s piven by References 5, 10 and 11, From Reference 5, the far
ficld sound pressure, p, for a propeller at zero forward speed is
given by the oypression:

R mb 52 y R
l p - mb 1 e q- a 3 ) (1
i 2 as, R, Tx 5] P mb 48, -

where m is the order of harmonic, b is the nuwber of bludes, s is
the rotor speed, a is the velocity of sound, 8, is the distance from
the noise source to the observer, T is the thrust, x is the distance
from the observer to the noise source along the axis of rotation, Re
is the effective radins, Q is the torque, Jmh is the Ressel function
of first kind with index mb, and y is the distance from the observer
to the axis of rotation,

By careful examination of Equation (1) it can be seen
that the rotational noise is primarily a function of the total thrust
produced by the propeller, As thc number of blades is increased, the
Bessel function tends to decrease and results in a lower noise inw
tensity.

It can be noted that the torqic tumm Q 75??" i ine
e

dependent of the position of the observer, whereas the thrust term
Tx EE is dependent on the observer's location relative to the prow
o

peller plane of rotation,
The thrust term is positive for distances in front

(i.e., in the direction of thrust) and negative for distances aft
of the plane of rotation, Thus, a varying sound pressure will be
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obhserved at various distances alonyg the axis of rotation and a ro-
tational noise directivity pattern is defined,

The sketeh Below illustrates the directivity pattern
of rotational noise tor a two-bladed propeller in the axial flow con-
dition, Lines of constant sound pressure are shown in relation to the

plane of rotation., The
maximum noise is seen to
be in the direction of
the inflow, This pat-
tern rotates with the
blades,

The principal limitations
of the propeller theory
involve the assumption

of a rectangular chord-
wise pressure distri-
bution and (.. reso-
lution of the spanwise
distribution of thrust
into a constant value
acting at one radial
station., To eliminate
these restrictive assump=-

tions for the helicopter rotor case, extension of the theory is required
to include the effects of variation in the air loads as a function of
blade azimuth position, radial location, forward speed, Mach number,
stall, etc, The work of References 5§, 8 and 12 should prove helpful

in forming the basis for this extension,

(2) Vortex Noise - Another type of sound radiated from a
propeller is termed vortex noige, defined as that due to the shedding
of vorticity, This noise is caused by the stresses (Reynolds, hydro-
static, viscous, etc.) acting on the medium and its treatment in the
literature has been primarily empirical,
portionality relationship for the vortex acoustic power, W,, radiated by

Reference 6 gives a pro-

- . L] L - - - - L (2)

where c, is the form drag coefficient at the mean radius, K ig Strouhal's
number, Vi is the tip speed, R is the blade radius, and d is the frontal



e protiie width, With 4 and K independent of velocity, the acoustic

pawer is proportional to Vt“; since the sound pressure, p, is pro-
portional to wal,ﬂ, then p<i:VL3. Thus,
and low Reynolds numbers, the blade tip speed is the most influ-
ential parameter affecting vortex noise,
that Equation (.)

at low tip Mach numbors

It is fo be emphasi-ed
is at best an approximate relationship.

The predominant frequency of verlex noise has been
defined empirically as f = K < where V is the elemental fiow velo-

“y city. Conscquently, a range of frequencies proportionil to the flow
velocities over the blade surfaces will be generated by all of the
elements of the blade,

At low blade tip speeds, the vortex ncise component
of each blade clement has a directivity pattern as irdicated in the

skotch below, At each blade element, sound eminatos as concentric

.
i
i
.
/

CONCENTRIC SPHERES OF

EQUAL SOUND PRESSURE

i
DIRECTIVITY PATTERN OF PROP-ROTOR VORTEX NOISE
spheres as a function of the local stresses on the medium, For a

small diamever propeller, these spheres can be considered concentrated
at the three-quarter radial pesition, For large diameter rotors,
however, no simple representation has been formulated due to interxw
ference effects, intensity variation, etc.
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At high tip speeds, Mach number
effects apparently cause a dis-
tortion of the vortex nolse di-~
rectivity pattern so as to elon-
sate Lhe spheres and nove their
upper end toward the direction
of rotation, (See adjacent
sketch), This effect is treated
extensively in Reference 13,
Since the vortex noise and its
directivity pattern rotate with
the blade, an observer off the
axis of rotation scnses a vary-
ing sound pressure, Thus, the
observer perceives a modulation
of the vortex noise at the blade
passage frequency.

The situation in the case of a
helicopter rotor is much more
complicated than for a propeller,

Boundary layer and induced vortices are continuously being shed from

the blades di'e to factors such as the

angle of attack variation and

blade motions, To predict vortex nnise with any degree of accuracy,
detailed information on the high frequency aerodynamic loads on the

blade and fluctuating stresses in the

boundary layer are required,

Theoretical refinements of votor aerodynamics such as those offered
by References 14 and 15 may be of considerable importance in this

recpect,
b. Main Rotor

(1) Rotational and Vortex

Noise

(a) Identification of

Main Rotor Noise - Figure 15

shows the far field noise spectrum of
fined by constant bandwidth anglysis,
of component sound pressure level the

the HU-1A test helicopter as de-
1t can be seen that on the basis
main rotor rotational noise is

predominant, At the higher frequencies, *™» principal noise compo-
nents are the taii rotor rotational and the main rotor vortex noise,
Other identifiable sources are those associated with the tail rotor

gear boxes,

Rotational noise compudents are identified by

their characteristic frequencies (multiples of the blade passage fre-
quency). Although for convenience, the various harmonics of the ro-
tational noise are represented in later sections of this report by an
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cnvelope, rotational noise contains only discrete {requencies, The
identification of vortex noise requires a more detailed analysis of
the constant bandwidth data,

o In «n earlier section; it was pointcd out that
rotor vortex noise occurs at frequen<ies up to a maximum defined by
the blade tip spred, Consequently, vortex noise mav be properly repre-
sented by an envelope. Since the directivity pattern of this noise
rotates with the blade, an observer off the axis of rotation will de-
tect tihe vertex noise at frequencies which uare modulated at the blade
passage frequency,

'Lz_ Detailed analyses of the constant bandwidth data

were made in the freguency range where main rotor vertex noise com-
AR ponents were anticipatcd. Figure 16 shows typical oscillograph traces
7 of vorter nojse rime Distories obtained using a 25-c,p.S. constant band-
width {iite: centered at 100, 200 and 390 c,p.s. It is seen that the
twowpet-rev (ll-c,p.s.) modulation occurs at all three frequencies and
is clearly evident at 200 c¢,p.s. Similar analyses at the p:incipal
tail rotor rotational frequencies did not show the two-pererev modulation,
thus the levels of this component mask the main rotor vortex noise,

With the various components so identified, Figure
17 presents the envelope ¢f the main and tail rotor noise components
and also curves of equal loudness level, It is seen that even though
the sound pressure levels of the main rotor rotational noise are
highest, the corresponding loudness levels are lower because of their
nearly inaudible, low frequency components,

Figure 18 illustrates this effect more directly,
On that figure, the loudness levels of the main and tail rotor com-
ponents are shown as a function of frequency. It is immediately seen
that with respect to the noise perceived by an observer, the tail
rotor rotational and main rotor vortex noise are the loudest,

(b) Bffects of Rotor Parameters - Main rotor loudness
levels for the various rotor configurations tested are shown by Figure
19, For these data, the major parameters are constant except blade
loading and the number of blades, It sliould t: ncted that the gross
weight of Configuration III was approximately 5 per cent lowexr than
that for either Configuration Y or II. Also, Configuration T had
12 degrees blade twist and an NACA 0015 aicfoil section, while
Configurations II and III had NACA 0012 sections and approximately
10 degrees blade twist, It can be seen that the main rotor vortex
noise predominates for all configurations tested,

Pigures 20 and 21 illustrate the =ffects of blade
loading and/or thrust at constant tip speed for Configurations I and
I1I, respectively, In both cases, increasing the thrust resulted in
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1ncregsed rotational and vertex neise,  (Although choaneges in gross

weisiit are used througnout this report to indicate the offoct of thrust,
the total torast cquals the gross weirht nlus the ruselase download,

LR

Fisures ancd s show the effects of tip speed
tor the twos and three-bladed rotors, respectively,  The significant
points to nate are that the toudness lievel of all asoise components
increese with increased tip speed on. the three-bladed rotor produces

the lowest vortex noise of the three configurations tested,

The 1uak vourtex and rotational loudness levels
from Figures 19 throvgh 23 are used in the f2llowing paragraphs to
establish trends agsociated with the parameter variations of the sub-
Ject tests, Tt i< noted that the application of these data beyond the
range 0 this investigation, o1 broad peneralizations based on such
prescniations, may not be valid due to such items as hrlicopter size
effects on the fundamental freguency; the variations of the intensity
of the higher harmonic rotational noise; and changes in the charac-
teristics of the modulated vortex noise,

1) Thrust, Blade Loading and Number of Blades -
Figure 24 shows the peak values of the main rotor rotational and vortex
Iovudness levels ploited as a function of blade loading for several
gross weights, The curves are based on the two-bladed rotor data of
Figures 20 and 21 and on the. three-bladed rotor data of Figure 23,

The effect of thrust is to increase the
loudness i=vcl of both the rotational and vortex components. As
shown in F.gure 24a, the change in the vortex loudness levei for
both the two- and three-bladed rotors due to a change in thrust
remains essentially constant as a function of blade loading, For
the rotational component, however, it appears that the effect of
thrurt for two-bladed rotors is more significant than that for three-
bladed rotors at the lower blade loadings,

Increasing the blade loading increases the
vortex compenent iloudness level and decreases that of the rotational
component, Comparing Figurer 24a and 24b, it can be seen that above
blade loadings of approximately 50 and 70 pounds per square foot, the
vortex componen*t predominates ior the three. ..d two-bladed rotors,
respectively, )

The three-bladed rotor data shown in
Figure 24 are interesting since they allow rfome observations on the
effects of the number of blades. FPor a given thrust, the loudness
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LETRCS | W the sortes component for the three-bladed rotor {all in

Tine with the extrapolated tw =bladed rotor data,  This indizates

that (or corditicns of egual hevering efficiency, the vortex noise

v twoe- and! throc=bladed rotors s essentially the =ame, 1n Fipure
- O, U peak retational loudness level of the three-bladed main
' Fole ®ors apcrectably Iower than that for the extrapolated twe-bladed
roter data (Jor the same rotor thrust) and consequently indicates a
sigrificant o ect of number of blades, For the case shown, increas-
ing the number of blades from two to three appears to be equivalent to
decreaziny the thrust of the two«bladed rotor by about 500 pounds,

In maay cases, two-bladed rotors are de-
signed with hijher blade loadings than comparable three-bladed rotors,
Conscquently, the rotat.onal loudness levels of the two- and three-
bladed roters will be arprovimacely the same, Vortex toise, nn the

- other hand, will generaily be more prominent for the two-bladed rotor
) desiuns,
, 2) Tip Speed - Figure 25 shows the peax

values of the main rotor rotational and vortex loudness levels plotted
as a function of blade tip speed, Doth two-~ and three-bladed data

are given; the three-bladed data are tor hover at a gross weight of
6400 pounds (BL = 50 pounds per square feet) and the two-bladed data
are for tiedown at an approximate thrust of 6000 pounds (BL = 108
pounds per square feet).

It is seen that both the rotational and
vortex loudness levels increase with increased tip speed and that the
respective slopes of loudness level versus tip speed for both com-
ponents for the two- and three-bladed rotors are the same, The slope
of the rotational component is slightly greater than that of the vortex
noise, as would be expected from theoretical considerations, The rela-
tive magnitudes of the rotational and vortex loudness levels for the
two- and three-bladed rotors are explained by the difference in blade
loading between the test rotors (see Figure 24),

(c) Reduction of Main Rotor Noise - From the above,

it is seen that for the range and size class of the parameters in-
vestigated, the fullowing trends are estzbli h-d:

- Both the rotational and vortex neoise components are reduced
with lower tip speeds.

- At a given tip speed, the rotational noise component is re-
duced with increased blade loading. For a given tip speed
and blade loading, the rotational component is reduced with

e increased number of blades and reduced thrust,
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: Sonoise cempenent increeases with Increuased thrust and
blade Loading, The eftfoct of number of hlades on the vortex
noise s nel disceraible,

Hor the pﬁlticular rotor conligurations investigated, tbhe vortex
H I moaonent Predoninates,

In addition to the parameters varied during the
sabjoct test program, it is believed that vortex noize may be affected
signifivantly by the blade twist, taper and section, Different tip
shapes and vars have been proposed; however, available evidence indicates
only siight sains are possible with these modifications, It is probable
that a blade area larger than just the tip is involved, Decreasing the
iocal olade tfoading over the outboard portion of the radius (as much as
S0 per ocent? omay be gquite effediive in reducing the vortex noise,

) Blade Sian

(a) Description and General Discussion - By far,
the most obj2ctionable noise associated with helicopter operation,
when it occurs, is blade olap, This noise is characterized by its
occurrence at blade passage frequency. Depending on its intensity,
it has been referred to as a "poppring” or “cracking” sound., The
term, blade slap, as used herein, denotes one type of noise which
may vary in intensity and quality depending on the rotor design and
flight conditions,

1) Single kotor - The single rotor HU-1 heli=-
copter exhivits a tendency to slap under certain flight conditions
such as low-power ivtdowns, decelerations, turns, and moderate for-
ward speeds at high gross weight, The H-13 helicopter 21so exhibits
this characteristic; however, the noise produced by the smaller machine
is less severe,

During the tests of the subject program, severe
blade slap was not encouatered; however, during the fly-over tests of 5
Configuration I, the 'slap was noted as the helicopter decelerated and
turned away frum Lhe observer, Narrow bandwidth analyses of these
tly~over data rcveal that blade slap is --mrosed of all audible fre-
quencies wocaulated at the characteristic biade passage frequency. An
example of this effuct is shown by Figure 26, where a large increase
in sound pressdre level due to slap at a frequency of 500 c.p.s, is
shown »

The effect on tiie over-all frequency spec- ..

trum is shown by Figure 27 where the results of a narrow bandwidth
analysis-of blade slap are piven, In this figure, the. peak sound
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crnre Tovels aasociated with blade slop are plotted as a fuuction

Creouencey, It may be anoted that blade slap extonds over a fro-
GUERCY  cange oF 20 to ever TO00 ¢ pus, and has a4 masimums intensity

arouand WY 0 s,

The difference in charecter between che noise
associated with blade slap and the usual helivcopter neise is shown
in the sketceh below, A numerical scale of loudness is not given due
to the different conditions of the two tests. Note the broad spec-
tral distributicn of blade slap as compared to the hovering frequency
distributioe of the various noisc components, When blade sltap occurs,
the individuzal neise sources are not discernjible,

During the test program with
EXTERNAL NOISE $PECTRUM the two-bladed HU-1A rotor,
HOVER conpiTion  blade air load and acousti-
] — — — BLACE AP cal meusurements were re-

corded simultaneously during
o L fly-over, Similnar data were
> //’”’ \\\\ taken during normal flight
; s N ] with iaternal noise measure-
o ST TAIL ROTOR ment equipment, Figure 23
z y /{,fﬁi:;§§;&?z;¢;fNA\'NOBE gives an example of these
§ N T VORTEX NOISE data, _The recorded dif-
: /4 ferential pressures at var-
LMA‘NRQTOF ious chordwise stations at
ROTATIONAL NOISE the 75 per cent radial station
- AL i are given together with the
10 00 1000 10,000 output from a microphone lo-
cated in the cabin for a 60-0
FREJUENCY, C.P.5. knot deceleration when blade
DIFFERENCE IN CHARACTER GF BLADE SLAP slap was present, Note the
AND NORMAL HELICOPTER NOISE sharp differential pressure

. - 7 changes occurring at blade
azimuth positions of approximately 90 and 270 degrees, The acoustical

. meastrement (trasc number’8)-alsé indicates two/rev increase in rotor

noise near 90 degrees and 2/0 degrees azimuth position (a time delay
of about 0,02 scconds should be taken inlo account for the noise to
reach the cabin). Sufficient details are ue' present to define which
Llade produces the slap, A closur study of the internal noise trace,
however, shows a 130 c,p.s, {requency which corresponds to a pressure
variation near the blade tip on the advancing side, (See detail in
Figure 238.) ’

S 2) Tandem Rotor - Based on this contractor's ex-
perience with the tandem‘{btor'ﬂSL'helicdpter and reccnt discussions
with a tandem rotor helicopter manufacturer (Reference 15), it is con-

‘cluded that the tandem configuration is more susceptible to blade slap

than a single rotor configuraiion, With the twin {wu-bladed rotors of
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the fell Hsl, twe/rev biade slap was present during all operating cone
diticns with varviae degrees of reverity,

Cacillogranh reconds of this noise from Ref-
crence 17 show peak sound pressure levels of 129 decibels at a location
near the HSL cotur oo ticdown, The root-mean-square sound pressure level

for the same condition was approximately 118 decibels, The adjacent

skotch reprosonts a time historv of the over-all sound pressure level

during the subject HSL acoustical measurements, Note the position of
the rotors, The sudden rise

ROTOR in sound pressure level as-—
AZIMUTH sociated with blade =lap is
OVERLAP ~— S
POSITIONS ReGlon seen to occur periodically
3 t . // at blade passage frequency

for one rotor (two/rev).
Based on the analysis in
Reference 17, the noise
originated as the rotor
blades entered the overlap
region,  AS 1n e subject
program, sufficient data
were not obtained during
this work to determine which
blade(s) produced the slap.

Based on observations and in-
formation from Reference 16,
TIME HISTORY OF OYER~ALL SOUND PRESSURE  the tandem rotor YHC-1a and
LEVEL DURING BLADE SLAP OF TANDEM HC-18 helicopte rs generatt\
ROTOR HSL HELICOPTER blade slap in most flight con-

ditions; and, at high forward

speeds, a cracking sound is
encountered. Indications are that the YHC-1A noise is more intense than
the HC-1B at that condition, Although details are not available, it was
learned during Reference 16 that preliminary analysis indicates that the
blade slup of the HC-1B is generated as the aft rotor leaves the region
of overlap, This is in disagreement with the conclusions of Reference
17.

INSTANTANEQUS SCUND PRESSURE LEVEL

There are many una..:wesed questions concern-
ing blade slap and this points out the lack of a basic understanding
of the origin of this noise and the effects of various parameters on
this source, A review of the available literature shows no discus=
sion of this characteristic noise associzted with helicopters, The
following section presents this ccntractor's views on the possible
origin of blade slap and the approaches to minimize this disturbing
ND1SC,
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(1) Possible Origin and Mitigation of Blade Slap -
Bascd on the available evidence, the most probable cause of slap at
Tow f1iabt sproeds is the rapid angle of attack changes which a blade
oxpericnces as it encounters its own, or a previous blade's wake, Com-
pressibility could increase the severity of the effect of this angle
of attack change, When the blade angle of attack is suddenly changed,
the 1itt and consequentiy the trailing wake system also change abruptly,
The abruptness of the change in the wake leads tu an impluse type noise
which contains all frequencies. Less severe angle of attack changes
can alter the characteristics <f tae boundary layer on the blade and
the normal vortex noise may be reinforced at blade passage frequency.

This explanation is supported by Figure 29 which
shows the results of air load measurements on the HU-1A rotor from
Reference 8., That figure shows the differential pressure near the
tip of a single rotor helicopter main rotor blade at various forward
speeds, It can be scen that a sudden increasc and decrease in the
blade differential pressure occur during low forward speeds just be=-
fore an azimuth position of 90 degrees and just after 270 degrees,
respectiveiy., At forward speeds of 20 and 40 knots, blade siap was
encountered, By observation, this noise occurred at twice per reve-
lution; however, the azimuth position of the rotor blade where slap
originated could not be determined.

The possible azimuth positions at which interw
ference with the trailing vertex system might occur are shown in the
schematic on Figure 29, The indicated tip vortices would cause sudden
inflow changes near azimuth positions A and B, Thus, the passage of
a blade through the trailine vortices would result in a sudden force
variation on the hlade elements near the tip which could result in
the noise observed, 1In all probability the noise would occur on the
advancing side.

An explanation for the dependence of the intensity
of blade slap on flight condition is obtained by the consideration of
the rotor inflow variation for different flight conditions, In a
ciimb where slap is rarely encountered, the rotor's trailing vortex
system is directrd away from the blades, Conversely, in a partial
power descent where blade slap is encountered, the helicopter flies
into its wake,

A tandem helicopter is more susceptible to blade
slap since the trailing vortex system from two rotors are present,
For the tandem, the reasoning presented above remains valid for that
machine; and, it becomes possible to encounter blade slap under all
operating conditions,
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At higher fiight spreds where the rotor wake cffects
are less pronounced {sce Fipure 29) it is believed that blade slap or
crack is of a aifferent orvigin than that cncountercd at the lower
speeds,  For this case 1t is belicved that the severe cracking noise
s produced by local shoeck waves on the advancing blade. These local
shock waves, combined with Deppler effects, could exp®ain the high
speed cracking neoisc.

Clearly, additional work is required to define
the phenomena associated with blade slap, and to investigate means to
reduce it, Based on the available evidence, it is believed that blade
slap may be mitigated by decreasing the operating tip speed, the over-
all blade loading and compressibility cffects (airfoil section, special
tip shapes, ctc.)s It may also be possible to reduce blade slap by
decreasing the local blade loading at the tip; this could be accom-
plishod by increasing the inboard loading by blade twist or taper,
MNate that the items theorized to decrease blade slap are the same as
those which decrease the vortex noise component,

For the tandem rotur helicopter, blud. siap might
also be alleviated by minimizing blade overlap and increasing the
vertical separation betwcen the rotors' tip path planes. The latter
might be accomplished by angular or linear vertical displacement;
however, such an approach would not alleviate the problem for all
flight conditions (i.,e.,, downwind hovering),

c, Tail Rotor - It was mentioned earlier and is shown by
Figurc 15 that the noise produced by the tail rotor of the test heli-~
copter is primarily rotational, Peaks in the sound pressure level
at multiples of the blade passage frequency were the only signiticant
tail rotor noise measured, By reference to Figure 18, it is seen
that the loudness level of the tail rotor is significantly greater
than that of either the rotational or the vortex component of main
rotor noise,

Decreasing the tip speed and increasing the number of
biades are theoretically effective means of reducing rotational
no’se. The effect of tip speed is illustrated by Fipure 30 which
shows that as the tip speed is reduced, the loudness level of all
harmonics of thie rotational component are ::..ced., Another ad-
vantage of lower tip speed operation is alsc shown. Note the re-
duction in loudness level at the higher frequencies associated with
low t.p speed operation, This is believed to be an r.p.m. effect
on the higher harmonic loudness level,

Since the scope of the subject test program did not ine
clude variations in tail rotor parameters, existing propellet theory
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and certain assumptions bascd on this test program are used to indi-

cate the possibitities of tail rotor noise reduction, Jt is believed
that by this approach, trends can be established to cvaluate the of-

feots of number of bhlades, tip speed, thrust, etc,, on the poreceived

loudness of teil rotor noise,

Fipure 31 gives the calculated sound pressure level for
the rotational and vortex components of a tail rotor with two, three
and (our HU-JA tail rotor blades, These calculations were based on
the HU-1A rail rotor hovering thrvust and power requirements; con-
stanl power and thrust were assumed, For reference, a line of con-
stant rfotoer thrust coefficient/solidity is also given {Cp/o = ,05).
Figure 3la shows that the magnitude of the fundamental rotational
coemponent 15 reduced by lowering the tip speed and increasing the
number of blades, The corresponding measured dava £for the HI-14
tail roter are alsoc given, IL Is seen that although theory predicts
a rotational sound pressure level significantly iower than that meas-
ured, the general tcend with tip speed is valid, C{omparisons of
the calculated higher harmonics of the rotational component show
that these sound pressure levels are underestimated even more than
the fundamentzl., Fortunately, it is indicated by the tests of this
program that the magnitude of all harmonics of the rotational com-
ponent will be reduced if the fundamental is decreased. Therefore,
calculations of the fundamental rotational noise are used herein to
provide an indication of the noise reduction trends as a function
of the tail rotor aerodynamic parameters,

The calculated maximum vortex sound pressure levels
for the above tail rotors are shown in Figure 3ib. The reference
Cr/a = .05 is also given., The calculations show that the vortex
noise increases with number of blades (the chord is held constant),
and with higher tip speeds. Above tip speeds of about 600 f,p.s.
the vortex noise is shown to be less than that of the rotational
component, This is also indicated by the test results of this pro-
gram, The calculated data indicate also that for certain combinations
of design parametero the rotational and vortex noise will become of
equail importance,

It is also seen from Figurc 31 t.at Jor a given basic
design the performance requirements define the noise reduction pos-
sibilities for the tail rotor, Based on the use of the HU-1 tail
roter blade, a tip speed limit of about 450 f,p.s. is apparent at
a value of Cy /o of ,05. Below that tip spred, the vortex noise
will predominate due to the increased blade area required to maine
tain the design thrust factor,

To evaluate the theoretical results of Figure 31 in
terms of loudness level, the magnitude of the higher harmonic
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- roataticonal neise and the frequency of the peak vortex noise must be
catablizhed,  Tsing the Lest data of the subject program as a guide,
the follvwing assumplions are made to enable this trans{ormation,
12 The magnitude ot the nih harmonic of the tail rotor rotational
sod pressure level may be oestimated by reducing the calculated
- soutsl pressure of the fandamental by an anount based uvn the dif-
. ference in magni tude between the fundamental and nth Larmonic

mearuircd during this program,

2) The frequency of the peak vortesx noise of the HU-1 tail rotor blade
is oapproximately twice that of the HU-1A main rotor, or 1000 c¢.p.s.
at 0O engine r.p.m. This is based on the equation £ = X -

Since V. fer the tail and main rotors is nearly the same, the fre-
quency ratio for the main and tail rotors is approximately equal
to the ratio of their respective chords,

It is believed that these assumptions are valid for the
HiI-1 and for helicopters of the same gencral size class operating
a® similar rotational spreds,

he results of this transfer of the thecretical sound
pressure level to loudness level are shown by Figure 32, That figure
shows the calculated loudness lcvel of the fundamental and peak ro=-
tational components and the vortex noise as a function of tip speed
and number of HU-1A blades, Measured peak rotational loudness levels
of the HU-1A tail rotor are also shown, The minimum values of tip
speed as a function ot C.r/a~ are also indicated,

iv is seccen that a single curve represents all numbers
of blades for the fundamental rotational noise., This is due to the
transf{er from sound pressure levei to loudness level and the inter-
action between roctor speed and blade loading, The transfer from sound
pressure level to loudness level is dependent on the fundamental or
blade passage frequency and must “e evaluated for each case, The
changing slopes and intersections of the curves representing the
number of blades are also due to that transfer,

Figure 32 also shows that for the cases under investi-
gation, rotational noise is predominant abc,: tip speeds of about
600 f.,p.%., Additionally, note that the test data of the Subject pro=
gram show peak rotational loudness levels about 10 phons higher than
the estimated values, For purposes of direc® comparison, esti-
mated tail rotor loudness levels will be ro modified in Section VI, «

In addition to reducing tip speed and blade loading,
other possibilities with respect to the reduction of tail rotor
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noise include twist and taper to minimize the outboard blade loading
and unloading the tail rotor at hipgh speed by a tail fin, The lo-
cation ol the tail rotor with respect to the main rotor and tail

:'}_ boom may also be important, This could not be verified conclusively
during this program; however, there were indications that inter-
foerence and masking of fects were present which influcnce the tail

rotor noise,
2. Drive System

The noise generated by a helicopter drive system consists of
/ that associanted with the transmission(s), couplings, bearing sup-
" ports, and drive system vibrations, These sources contribute sub-
stantially to the internal nvise characteristics of the helicopter
but have little effect on the far field external level, This is due
to the aumospheric attenuation of high frequency noise and the masking
ctfects of othel suurees,

From Refecrence 18, the noisc caused by the opera*ion of a
gear is a result of stress waves produced in the gears, a r and oil
pocketing, friction, impact, and the variation of radiai forces.
Proper gear geometry and accuracy of gear manufacturing processes re-
duce the level of all of these noise sources; however, the noise due
to friction romains a function of the torque input, The sudden re-
versal of the frictional forces on each tooth, gives rise to an ef-
fect called "pitch line shock" and results in a pronounced noise
generated at the toothecontact frequency,

. The centribution of the drive system sources and accessories
to the internal noise spectrum of the HU-1A helicopter is shown by
Figure 33, The prominent high frequency noise peaks can be traced
to the main transmission generator and the first and second stage plan-
etary pinions (gears) of the main transmission, These peaks are iden-
tified by calculations of the output frequencies and the gear-tooth
contact frequencies of these sources, respectively.

In addition to gear noise, the noise associated with bearing
supports, couplings, and drive system vibrations may become signifi-
cant in a tandem rotor helicopter due to the relatively long inter-
connecting shaft Letween the two main rotors. Laince the shaft is
normally located above the passenger compartment, this area may be

. subjected to a considerable amount of high frequency noise, both air=-
P and structure-borne,
L3
. Theoretical analyses are not available to predict the effect

of various noise control techniques in reducing gear noise in a heli-
copter drive system, Several techniques have been suggested, These
include helical gearing, elastically mounted ring gears, plastic gears,
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incseascd transmission bousing ihickness, and various substitutes for
nears,  pBvcep! for severe probienm aroas, it iz doubtful that the noise
roduction achieved by these techniqgues would warrant the necessary
changes Lo an existirg design,

Lightw-ight material such as Uiberglass, foam, etc,, is often
used in existing designs to decrease the noise transmitted {rom the
solrce toan observer in the vehicle, In addition, damping tape is
uscd oxtensively whore structure~borne sound is transmitted through
1ong fusclages and structures, Test wurk to evaluate the noise ro-
duction that can be obtuined by incorporating the above techniques
in future helicopter drive system designs is needed,

3, DPower blant

a, Turboshaft Engine - The noise of a turboshaft engine is
associnted with: (1) tbe inlet (primarily compressor whine), (2) the
eneing drive system. gearing ol bearing noise associated with the
reduction gears and the accessory drives, {3) the exhaust, including
the noise produced in the mixing region of the exhaust gas stream
and the surrounding air, plus the contributions from combustion and
the power turbine, and (4) the noisc radiated from the stiuctural
vibrations of the engine case, The major sources of a typical tur-
boshaft engine installation are the compressor whine and the ex-
haust noisce,

Compressor whine is associated with the disturbances
caused by the passage of air by tie compressor blades, similar in
nature to the mechanism of rotational noise as discussed previously.
The frequency of the compressor noise is detcermined by the number of
compressor blades, the number of staiicnary blades and the rotational
speed, The noise from the first compressor stage is normally the
predominant source; although, for certain designs the noise fronm the
following stages may hecome noticeable., These stages generally have
different numbers of blades and therefore different fundamental
frequencies. Usually, the frequencies associated wiih compressor
noise of a turboshaft engine are around 10 kilocycles and are quite
directional, This noise is attenuated rapidly with distance; thus,
only the interaal and near field levelr ~=r significantly influenced
by this source. Although detected in the cabin of the HU-1A heli-
copter, the frequency response of common acoustical instrumentation
is such that this source is not easily identifiable from test data.

The exhaust of a turboshaft cagine is not a powerful
noise source when compared with the helicopter main and tail
rotor, The exit velocity of the exhaust gases 15 relatively low
(300 feet per second at the exit nozzle for the T53-L-1A engine);
thus, the turbulence and the noise of the exhaust mixing region
are relatively small,
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From the standpeint of external noise, the turbeshatt
power plant of fers distinet advantage over other ensines for cotary
winly airceralt.s Due 1o 1oy velocity osbaust pgases, the acrodynamic
nolse prodinced by the exbiast s below that of (he pure jet, tip jet,
ducted fan, ete, Although influencing the near Cicld noise, the high
Frevgtuency turbine and compresser noise 15 fortunately attenuated o
pidlv with distance,

The use of commercially wvailable acoustical material in-
ternn iy ottfers the most reliuble method of attenuating high fregnoncey
drive svstem and engine noise.  Incctperating such material in the
cabin areva of an existing design wenldd roguire gddstional treataont

to any avoustical ly weak areas, sudle g0 windows, door seals, ace

poarts, cloctrical outlets, ote,

reatment of the intervior engine aud transmission cowling
enclosure with gcoustical material wonld neesent o Iarge absorption
arca For high {requency noise; Lowever, the design would mave o e
=tch as to avold an engine and/or transmeission cocling prohlen. 3
more complete discussion of infernal neisce 15 presented ip Scciion
V-Ti=5,

b, Piston Engine - The primary source of noise of a piston
engine is the exhaust, This noise originates from the periodic ex-
pulsivn of hot gases of combustion through the exhaust system, This
represents a periodically changing volume which by definition i: an
elementary noise source. The lowest frequency of the exhaust noisc
spectrum usually corresponds to the firing frequency of the engine,
Harmonics of this frequency may also be noticeable, Basced on ob-
servaticns and data reported in Reference 4, the cxhaust noise is
the major internal and external noise source ol piston ecugine powercd
helicopters.

Exhaust mufflers offer the possibility of noise reduction
for reciprocating engines although the weight and performance penalty
may often be critical, These penalities are also « factor in con-
sidering other possible noise reduction techniques such as combining
the exhaust of several ¢ylinders into one exhuust port to partially
cancel some of Lhe components of the exhauvs. reusures, and having
pairs of cylinders working in counterphase to cancel their fundamental
firing frequency,

E, RELATIVE PROMINENCE

In previous sections, the major noise sources of a helicoptes
have been identified in relation to the helicopter component from
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which they cmanate and the mechanism by which they atre produced., In
this scitivr, the telative prominence of these noise sources and com=
ponents is given for the fur field case and discussed in relation to
the nosition of the observer with respect to the source and the ter-
rain, Additionally, the internal noise levels of the helicopter are
discussed,

1, far Ficld Casc

Based on the investigations of this program, the noise come
vonents of a tucrbine powered helizopter in their order of prcminence
for the far fiela vase (200 feet or more) are:

1y Main rotor blade slap (when it occurs),
R3] Tail retor (rotational),

31,10 Main rotor f(vortex, rotational),.

5) Drive system.

o) Power plant,

For piston engine helicopters, power plant exhaust noise be-
comes a predominant source, second only to blade slap.

2. Effects of Position

The position of the observer in relation to the sources in-
fluenccs the relative prominence of the noise components perceived,
The importance of the dircctivity pattern associated with certain
sources has been discussed previocusly (Figures 11 and 12, over-all
sound pressure level), For the subject study, it must be assumed
that an observer may be at any angle with respect to the helicopter;
congequently, directicons of maximum sound pressure have been used.

The distance of the observer from the helicopter is important

_in defining the relative prominerce of the various noise components,

The principal cffect of distance is tn attenuate the high frequency
sounds, Figure 34 (from Reference 19) shous ine atmospheric atten-
uation coefficient, k, in decibels/1000 feet, as a function of fre-
quency. At typical helicopter transmission frequencies of about 1200
CePoSey the sound is reduced 4 decibels per 1000 feet, 1t is seen
from this, that transmission and other high frequency nnise may be
considerably more pruminent inside the helicopter than indicated by
the far field noise measurements of this program,
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RIS Je _)'iffm:!._ uf Terrain

In low altitude {1lyving, the terrain affects the noise propa-
uated between the helicopter and the observer by absorbing and re-
= Clecting a portion of the sound, Ohviously, in military applications
e protection offeresd by hills ard other protrusions between the heli-
copter and an enemy could be used wherever possible to decrease the
divtance of both sight and sound detcction. A significant amount of
sotund absorption due to thick land vegetation, such as wooded and
brush areas, is achieved, but only at low clevation angles as shown in
Figure 35 (taken from Reference 19), 1In Figure 35, the propagation
loss coefficient, k, represents the reduction in moise level per 1000
feot distance between the noise source and observer duc only to the ab-
sorption properties of the terrain, This tern» does not include the
attenuation of high frequency noise due to the atmosphere, As can b
. neted, a sero to ten decibel loss per 1000 feet can be achieved in

'/ partly to heavily wooded arcas at low elevation anglec,

4, Effect of Flight Technigue

v There may be many military and civilian situations whiere iv
b is desirable to minimize the far field noise of existing helicopters,
For these cases, the helicopter should be operated at as low a tip
speed as practical. Steady cruising near minimum power will minimjze
S the possibility of detection or annoyance; high speeds should be
’ avoided; decelerations to hover should be accomplished rapidly to re-
Nt duce the time during which blade slap can occur; also, descents in
complete autorotation are preferable tc partial power descents to
. - minimize blade slap. Autorotation and climbs are not normally as-
sociated with blade slap but should be moderate, to minimize the
main and tail roter rotationai and vortex noise, It is also de-
sirable to fly as low as possible,

It is realized that some of the above techniques are con-
flicting; for instance, low tip speed - low altitude operations are
not necessarily compatible. The techniques are noted. however, since

»5 during extreme circumstances it will be at the discretion oi the pilots
of the helicopters to use all possible technigues to the maximum extent
possible, '

5. Internal Noise

The internal noise characteristics of helicopters are even
more complex than those for the far field case., This is not only due
to the relative position of the observer, but also due to the fact that
structural as well as airborne noise is involved, Puzther, the criteria
for internal noise reduction are normally more severe due tc require-
ments to minimize annoyance, fatigue, speech interference, otc.
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A tyvpival Cicguenoy specttum of the noise in the cabin ot the

o rotor JE-IA helicupter is given by Figure so. As discussed pre-
vicasly, the low Ureguenoy pedhs in the 10« to 100-c,p.s, frequency
rane o are asareciate:t with the main rotor rotational noise,  The mavi-
mun ound presenre levels correspoend to the harmonics of the main

Telor retationael speed, ey, ofrev) S/rev,  Tatl sator rotationsl
vodse ad transmission gear noisce are present in the mid-fcoquency

ranyte ol somevhat lower sourd pressurce lovels,

Fizure 30 shows the loudness level of the major HU'-1A internal
noise cempeonents with the pilot and copilot windows opened, Tt is
seer that the internal transmission noise has approximately the same
Tovdness 1evel as the main end tuil rotor components, With tie enckpit
window- (losed, the main and tail rotor noise levels are reduced from
Soto o odecibels witl: the cgnivaleni reduction in loudness level.  For
this condition, the mest orominent internal noise is that of the main
trarami

SEA1eR abid o ac cseery generator,

Hroure 37 shows the pessible socund pressure level rediction

for thw il -1 rur a proposcd acoustical treatment given in Reference 20,
Net. b owianificant sound pressure icvel roduction at the hizher fre-
guvitetes Lor both the hover and cruise conditions,

All helicopter configuration changes made to reducc the far
field nodie will result in a reduction in the internal noise lovel,
Titv external noise lovels may be usced to some extient to e¢raluate the
relative eifects of configuration cbanges on internal noisc by cun-
sidecing the atmospheric attenuation discussed previously,

0. The Cuitcept of Acoustically Balanced Design

The use of loudness level as « criterion for evaluating the
prominent noise¢ sources brings about the introduction of the concept
of the acoustically balanced design, For an optimum noise reduction
design with respect to aural detection, observer reaction, etc., all
components should be perceived equally., It may be impractical to de-
sign for such a case; however, such a consideration can define specific
afvas which should first be attacked, In attempting to create an acous-
tically balanced design for the HU-1, the - 1 r~otor noise should first
be attacked, followed oy the main rotor vortex noise, etc. Blade slap
is not in this listing for the Hii-1 since it is believed that an attack
on this problem should be approached as a i1gsearch effort,
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VIL PUALUATION

1 othix ~colion the results o0 teis program are used to evaluate the

B renalties aseociatod with resiin ol 1y noise level of the HU-1 helli-
copters, Modifications to i e the nolse level are presented an-l
evaluated an coejun.tion wivh o nmiderations of cost, performance and
weipht,  Recomaended configucatione are given and compared with th:
production machines, The comparisons presented in this section are
for similar miss<ion conditio=s; that is, where the helicopters have
the same orew ifoad, pavioad, and have full fuel at take-off,

e A, TALL ROTCR
R s In Scection V it was shown that except when main rotor blade slap
T h securs, the most prominent noeise associated wi<h the HU~1 helicopters

is that produced by the tail rwotor., For the HU-1, blade slap may be

o . partially mitigatod by operational techniques; for the general case,
. additional work is required to define and eliminate that source. For

these reasons, consideration is first given herein to the reduction

of tail rotor noise,

Figure 32 shows the estimated loudness levels of several HU-1 size
tail rotors as a function of blade tip spezd, As noted, for tip speeds
sreater tharn about 572 f,p.s., the rotational noise component is the
principal noise, In all cases, it is desirable to reduce the tip
speed as much as possible.

The extent to which the tail rotor tip speed can be reduced de-

; pends on considerations of the performance requirements of the heli-

copter (V,.. , maneuverability, altitude performance, etc.) as well as

those of weight and center of gravity. From the standpoint of per-
formance, the major design parameters are the blade loading and tip

speed, These items define 2 mean blade lirt coefficient or CT/U" ,

from which altitude, maneuverability, and forward speed stall limits

are established., For the parameters of the HU.1A tail rotor blade,
the minimum tip speeds associated with several valucs of Cp/e alx
shown by Figure 32, These minimum ti» spe:z!n are related to the
large increase in blade arez needed to m2iuiwin the values of CT/q-
and will vary depending on the size of the bladz being considered.

v By combining these approximations of the noise level and the limit-
ing velocities associated with blade stall, an indication of the
minimum tail rotor noise level as a functica of the stall limited
design speed is obtained,

Figure 38 shows such a2 plot and also a calculated stall limit

R speed and hovering noise level for the HU-1A tail rotor. The shaded
area represents variations due to stall angle, effects of number of
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blades, etes Tt ds neen that as the stall limited desipn speed is in-
creasced Lrom O 1o about 3¢ knoets, the tail rotor loudness level does
net increase appreciably,  For helicopter design speerds above 80 knots,
the relerence loudness level increases significantly (approximately

55 to NU phons trom 120 to 180 knots), This points out a possible
problem area with high performance helicopters; bowever, the solution
of unioading the tail rotor in {orward flight is immediately suggested,
This is illustrated on the figure.

From Figure 32,it is$ seen that for the HU-1A tail rotor, the ro-
tational noise component predominates, Consequently, a significant
noise reduction way be expected by decrcasing the tip speed. The ef-
fect of number of blades depends on the particular blade area-tip speed
cenination,  The extent to which the tip spced may be reduced is il-
Justrated by Figure 30 where tip speed is shown as a function of blade
loading (or several values of the stall limit speed, Also shown are
the blade loadings fur tail rotors with 2, 3 and 4 production HU-1
blades, and a practical tail rotor tip speed ratio limit based on con-
siderations of flapping and fatigue loads, It is seen that from these
considerations a tail rotor tip speed of about 590 f,.p.s, is required
if it is desired to maintain the 150 knet stall limited speed of the
HU-1A, Because of such effects as mancuverability at altitude, low
engine speed operation, etc., maintaining that maximum allowable speed
is desirable and the minimum practical tip speed for the HU-1 tail
rotor is defined as 590 f,p.s,

From Figure 39, adding one and two blades to the HU-1A tail rotor
reduces the minimum acceptable tip speed to about 630 and &00 f.p.s.,
respectively, Adding additional blades would result in violating the
tip speed ratio limit, It is seen, however, that a slight additional
reduction in tip speed may be achieved by a small reduction in blade
loading (or chord increase).

The over-all effects of these tip speed reductions and the related
changes are given in Table 7. The loudness levels were obtained from
Figure 32, The "calculated" values of the rotational noise component
are increased 10 phons to account for the dis repancy between theory
and the experimental data of this program, 7Tl principal reasons
for this discrepancy are believed to be due to such items as main
rotcr interference and assumed blade fotce s.t.ribution (total thrust
located at three-quarter radius),

Although from the performance standpoint it is desirable to main-
tain the maximum rotor diameter possible, small changes in diameter
would be acceptable, Therefore, it would be possible tn reduce the diaw
meters of the rotors shown in the table to allow unrestricted operation
during test without a tail rotor gear box change,
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Over-all power requirements due to the above tail rotor modifi-
cations are negligible, Tie relative weignts of these tail rotors
wenld change approximatoly as spoewn by the table; however, the actual
wedohte would be dependeat upon the detail design and may vary cone
siderably ['rom the indicated values. Lven though the weight of these
components may cuange by a Lfactor of two, the net c¢ffect on the heli=-
copter's empty weight 1s small. For this presentation, it was as-—
sumed that the existing center of gruavily coald be maintained by items
of fixed equipment.

It should be remembered that the data of Table 7 are intended
only to jndicate the numerical values associated with the trends, As
mentioned hefore, the state ol the art is not sufficiently advanced
to define quantitatively the noise level of rotors, Within this frame
of reference, Modification b is selected as the optimum tail rotor
for the thrust and stall limited speed requirements investigated.

Its loudness level is only ong phon higher than the minimum noise of
Modification d; however, production blades may be used and the system
should bhe lighter, A new gear box and hub are required. Modifi-
cation b will result in a loudness reduction of about 50 pe. went

of that of the standard HU-1 tail rotor.

B. MAIN ROTOR

In this section the main rotor acoustical data of this program
are used with standard performance analysis techniques to investi-
gate the effects of various noise reduction modifications on the HU-1
main rotor, This is accomplished by summarizing all of the main
rotor acoustical data of the program, noting general trends, and
then evaluating selective modifications to the HU-1A to determine
their total effects. Practical rotor configurations are investigated

in all cases, and emphasis is placed on maximum use of existing HU-1
components,

On the basis of the test results of the subject program, the

trends of the main rotor hovering loudness levels versus blade load-

ing for two-and three-bladed designs and for two tip speeds are shown
in Figure 40, The loudness levels shown are based on the peak values
of the rotational and vortex noise as illusti..e. by Figures 24 and

25, and are used herein to estimate main rotor noise as a function of
the various rotor parameters,

The influence on performance for the various main rotor design
pacrameters which were selected on the basis of the noise reduction
trends is given in Table 8, Hovering ceiling, range, maximum rate
of climb, and maximum stall limited speed, as well as the loudness
level, are shown for the HU-1A and various modifications of that
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machin-, For the performance data, a crew of two, full fucl, and a
typli.ot payload (1000 pounds) arce uscd, nBmpty weights are established
o the basis of the tharee votor confizurations tested, Since the three-
blicted rotor of this program is experimental, the weight shown for

that rotor system is somewhat hiigh in relation to a production design,

Moditfication 1 involves the use of lwo 21-inch chord blades on the
FU=1A operating ot low engine ru.p.m, It is secen that the hovering loudse
ness level is appreciably lower than that or the reference HU<1A at
nermal rotor speed and the performance of the machine is improved,

Madilication 2 (theee l-inch chord blades) resulis in a vehicle
with the lowest loudness level in hover; hewever, this configuration
results inoan unacooptable decrease in performance. This is due prin-
cipally to the increased weight associated with the larger rotor;
that is, there is too much blade arca for the installed power of the
HU-1A.

Modification 3 consists of three 15-inch chord blades »snd is found
from the noise standpoint to be cquivalent to Modification 2. This
configuration compares unfavorably from a performance standpoint, how-
ever, because of the hipgher sotor weight.

With added fuel capacity and a more powerful engine, blade area
can be used to advantage. Both increased fuel capacity and a more
powerful ¢ngine are provided by the HU-1B helicopter, Data for that
machine are shown in the table, It is seen that the performance items
of . the HU=1B are considerably improved over those of the HU-1A, How=-
ever, the loudness level of the HU-1B main rotor is slightly greater
than that of the HU-1lA.

Modification 4 involves the use of three 2l=inch chord blades on
the HU«1BR. This modification is shown to be appreciably quieter than
the standard HU-1B; however, the over-all performance is decreased.

The loudness level of Modification 4 is nct as low as that of Modi~
fication 2 (same rotor system on the HU«1A) because of the higher gruss
weight. The noise level of the three 21-inclh chord bladcs on the HU-LB
ig shown to be about equal to that of the HU=-1A with two 2l-inch chord
blades (Modification 1),

Modification 5 shows the effect of increasing the chord of a twow
bladed rotor to add sufficient blade area to minimize rotor vortex
noise, It is seen that twe 27-inch chord blades produce slightly more
noise than the three-bladed rotcr (Modification 4); however, the per-
formance of the two-bladed trotor is slightly highcer (than Modification
4) because of its lower gross weight,

Rinally, a very wide chord two-bladed rotor is shown as Modification
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6 (two 3,35-inch chord blades), The performance is slightly better
than tor Modification §5; however the louwdness level is increased. This
is the only main rotor confipguration which is [ound to have a predomi-
nant rotational poisce component,

The rveduction of tip speed for all modifications discussed thus
tur is accomplished by lowering *he nping speed from 6400 to 5800 r.p.m,
Further rveduction of cngine r.p.m, would be impractical since the loss
of available enpine power would be unacceptable, Modification of the
-1 main rotor transmission to provide lower tip specds for the pur-
pose ol noise reduction only is not considered to be justified,

The remaining method of 1dwering the tip speed is to reduce the
rotor diamcter, To cvaluate this, it will be assumed that the in-
fluerce of diameter on the loudness level can be determined by ex-
trapolating data from Figure 40, through changes in tip speed and
blade loadings For small variavions in diumeter, it is believed that
this assumption will rot mask the trends associated with the changes.
For lurge diameter changes where major rotor frequency shiiin are in-
volved due to necessary changes in design rotor r,p,.,m,, the loudness
level data in Section V must be converted to scund pressure level
and re-cvaluated on the basis of the new freguency spectrum, Table 9
rives several examples of the effects of diameter,

It is shown that a reduction of rotor diameter will decrease the
loudness level, Tor the cases shown, however, a reduction of both
stall limit speed and hovering ceiling rcsults and is considered to
be unacceptable,

Because of uncertainties in using the data of Figure 40 for other
than 44-foot diameter rotors, additional wests and analyses are needed
before definite conclusions can be drawn, The data of Table 9 indicate,
however, that significant loudness level reductions are possible with
small diameter - large chord rotors operating at low tip speeds,

C. DRIVE SYSTEM AND POWER PLANT

In comparison with the main and tail roti., -.he external noise
generated by the engine and the transmission systems of the HU-1 heli=
copter is considered to be negligible, No modifications are consid-
ered,

D« TOTAL EFFECTS OF MAIN AND TAIL ROTOR MODIFICATIONS

In this section the results of the application of the nuise re-
duction techniques studied during this program are summarized by

43




delinie the optimun configuration for the NU=1A and [U-15 where noisc,

porinraance and costs are considered,  Thesoe recommendations and com-
ments are inteonded to be a guide only, As mentioned carlier, the state
of the art of noise prediction and control is not sufficiently advanced
te detime the rotar noize characteristics accurately, Further, the
numerical vilues assigned to the various characteristics are valid only
tor the mission selected, In reviewing this work, consideration must

be given 4o these items,

In connection with the modifications to the HU-1A and HU-1B, items
wiich are considered but for which no numerical values were assigned
include autorotation and flare characteristics, cockpit vibrations,
and rotor fatisue loads. It is assumed that for the gross weights
shown, pilots of helicoptors with the modifications could operate at
low engine speed in situations where low noise Level is required; in
other flight situations (at altitude, high speed, etc,) full r.p.m.
could be used,

Tuble 10U summarizes the best configurations studied during this
program ({rom Tables 7 and 8), 1In this table an attempt .o made to
represent the total ¢ffect of the changes as a percentage. It is
rcalized that adding noisc of the type considered on a loudness scale
is questionable, The results of such an approach, however, agree
with qualitative observations of existing configurations and are there-
fore included, For this, two approaches are taken: 1) to define the
percentage reduction in loudness (sones) for the compcnent with the
highest loudness level (for this case, the tail rotor), and 2) to
cenvert the peak loudness level of all noise components to sones, and ;
add to obtain the total loudness, f

Table 10 shows that the tail rotor loudness can be reduced 50
per cent by Modification b (four-bladed, 8.4-inch chord rotor,
Vg = 600 f.p.s.). To realize this reduction, however, it is necessary
to operate the main rotor at low tip speed, For unrestricted helicopter
operation, it is necessary to provide added blade chord for these low
tip speeds., If the HU-1A main rotor tip speed is maintained, main
rotor noise will mask the effects of the new tail rotor and only about
a 20 per cent noise reduction will be realized,

When the effects of other main rotor mciirucations are included,
the situation changes somewhat, although it is still appatrent that the '
tail rotor modification is the most significant, Referring to Table 10,
the lowest total loudness is indicated for low tip speed operation of !
the HU-1A, modified with a two-bladed, 2l-inch chord main rotor and a 1
four-bladed tail rotor, With these modifications, a reduction in total
loudness of approximately 40 per cent can be realized. It should be noted
that the performance of this helicopter is shown to be increased slightly
over that of the basic HU-1A, operating at normal tip speed, '




From the standpoint of total loudness, the power plant and fuel
capacity of the helicopter contribute significantly toward defining
the optimum noise reduction modification, For this reason, the basic
HU-1B and several mocdifications of that machine are given, Two HU-1B
modifications are shown in Table 10 since the performance and noise
of the two are approximately the same, In addition to the four-bladed
tail rotor, ihe modifications considered include a three-bladed, 21~
inch chord and a two-bladed, 27-inch chord main rotor, It is seen
that the loudness of the three-bladed rotor is slightly lower; howcver,
the performance of the two-bladed rotor is slightly superioi., On the
basis of the performance advantage, the wide-chord two-bladed rotor
configuration is selected as the optimum, With this main rotor modi-
fication and the four-bladed tail rotor, a reduction of about 40 per
cent in total loudness of the HU~lE can be realized.

It should be noted that for all cases the principal noise re-
duction resulted from the new tail rotor, Also, the noise reduction
achieved for the main rotor resulted from lower tip speed operaticn,
Because of the low tip speed, the blade loading had to be -edyced to
maintain the proper high speed, maneuverability and altitude per-
formance (Cp/o).
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TARLE
ENVIRONMENTAY, CONRITICNS DURING TRSTS

Ca r\.figur;ltinn Operating Date Wind Direction-~ Temperature Humidi-

Number Conditions Velocity, Knots Cfr %

I Fly-~over L2761 S 14 84,2 52
Ticdown 13-3-601 ENE 6 66,9 44
(Tests 1=8)
Tiedown 10-4-61 S 12 60,1 47

(Tests 9-13)
and Hover

11 Ely-over 0-21-61  SSW 22(to 32) 80,7 64
Hover 10-4-61 s 12 69,1 47
111 Ely-over 10-31-61 WSW 8 7943 66

and Hover

TABLE 4
DATA REDUCTION SCHEIU

TEST TEST DATA ANALYSIS
NUMBER  DATE ___|{OVER-ALL  1/3-OCTAVE CONSTANT BANDWIDTH FILTSR(6-C.P.S,

i 10-3-61  All Mikes - Mikes -2, 9, 16, 22
2 - All Mikes

3 - Mikes - 2, 9, 10, 22
4 - -

5 - -

6 - All Mikes

7 - -

8 v - -

0 10-.4-61 - All Mikes

10 - Mikes -~ 2, 9, 16

11 - All Mikes

12 - Mikes - 2, 9, 16

13 - -

14 - Mikzs -2, 9, 16, 22
15 - -

16 A1l Mikes All Mikes

17 - -

18 - Mikes - 2, 9, 16, 22
19 All Mikes All Mikes

20 v - -

21-29H 9=21-01 - -

30-42 9=27~61 - -

43-48 10-31.61 - -

49=52 - Mikes - 2, ¢, 9, 13, 16, 20
53 All Mikes All Mikes

54 ‘ - Mikes - 2, 6, 9, 13, 16, 20
SR1-SR6 Y - One Mike
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TABLE 6
FLY-OVER TESTS - CONDITIONS AND RESULTS
: Confivuration Coniiguration Configuration
L 1 11 II1
Spocﬁ knois 00 00 [¢10]
Approx, altitude feet 50 50 50
Rotor tip speed fopes, 720 724 724
Gross weight 1hs 6400 6200 6400
Wind direction - S SSW WSW
Velocity knots 14 22 (to 32) R
Temperature Cp 84,2 B0, 7 7943
Relative humidity % 52 64 66
Overmall sound prressure Level During Apprcach:
Distance from Microphone:
300 feet 91 db 92 db 85 db
200 feet 95 96 87
100 feet 98 100 2
_ O feet 107 108 103
TABLE 7

ESTIMATED LOUDNESS LEVELS FOR VARIOUS HU-~1lA
TAIL ROTOR MODYEICATIONS
Design Vgta11 = 130 Kn, Thover = 313 1bs, Distance = 200 ft

' Standard Mod a Mod b Mod ¢ Mod d
Number of blades 2 3 4 2 4
Diameter - feet 8.4 8.4 3.4 844 8,4
Chord - inches 8.4 S.4 Sed 21 10,5
Vi= f.p.s, 710 635 600 590 590
Engine r.p.m, 6400  5730/6400*  5410/6400*  5320/6400*  5320/6400% .
Rotational Loudness

Level, phons*¥ 81 74 71 74 70
Vortex Loudness

Level, phons a8 63 61 64 60
New blades required - no/no no/no yes/yes ves/yes
New tail rotor gear

box required - no/yes no/ves no/yes no/yes
New hub requirod - yes/yes yes/yes yes/yes yes/yes
Relative weight 1 1-.1/2 2 2+ 2+

* Restricted operation - for test purposes only
#* Yalues shown include a 10 phon increase over calculated values to account
for discrepancics between theory and test data (See Section Ve-D-1-c)
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TABLE 9

HEFECTS OF DIAMETER ON MAIN ROTOR LOUDNESS LEVELS

Maximum
’ Confipuration Tip Blade Loudriess
Diameter Speed Loading Level
| 1 PBeet F.P.S. Lbs/Sq Ft Phons
HU=1B
Number of blades 2 48 717 85 77
Chord -in 21 44 (std) 656 93 72
Gross weight «lb 7152 40 595 102 08
/ Engine speed -r,p.m, SE00
Modification 4
Number of blades 3 44 656 04 69
Chord ~-in 21 38 567 74 62
Gross weight ~1b 7449 -
Engine speed ~r,p.m. 5800
Modification 6
. Number of blades 2 44 656 63 73
Chord win 31,5 38 567 73 63
Gross weight ~1b 7202
Engine speed -L,p,m, 5800
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DISTANCE = 200 FEET

1 (MICRCPHONE NUMBER) N

WIND VARIATION
DURING TESTS
(SEE TABLE 3)

J

g ! 17
22 18 1" a
19
20 e
21 /" -
13
4 -]

FIGURE 3. TIEDOWN AND HOVER MICROPHONE LOCATIONS,
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FLIGHT
DIRECTION
—-“—-Oi (MICROPHONE NUMBER]
*
DISTANCE = 200 FEET al
X
WIND VARIATION
DURING TESTS
(SEE TABLE 3)
4 5 3 2
N A
) \]ﬁ -O
100
l
| S 200 200 - -
FIGURE 4, FLY=OVER MICROPHONE LOCATIONS,
98 DECIBELS 102 DECIBELS
- MICROPHONE H
HEIGHT = 5 FEET s
- 86 102
5 $
+ 97 —3‘ 108 —F—
5
i i i
80 —
- 100

FIGURE 5. EFFECYT OF MICROPHONE HEIGHT ON OVER=ALL SOUND PRESSURE LEVEL.
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' FIGURE 8, ACOUSTICA. DATA RECORDING SYSTEM
(GENERAL OYNAMICS/FORT WORTH),
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FIGURE 7. ACOUSTICAL DATA RECUCTION SYSTEM

IGENERAL DYNAMICS/FORT WORTH),
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140

. S -
— EQUAL LOUDNESS LEVEL = 120 PHONS f

N \\ \ /
106 \A \ 1% i
AN
T~

120

- T~

80 \ T~ 80

:\1\\\ e T~
60 \\\ 60 /
AN
" N . s

f

SOUND PRESSURE LEVEL, DECIBELE

20 e

¢ L ) l ] | | L L l
10 20 50 100 200 500 1000 2000 5000 10,000

FREQUENCY, C.P.5.

FIGURE 9, EQUAL LOUDNESS LEVEL CONTOURS (REFERENCE 9),

LOUDNESS LEVEL, PHONS

“ 8 s S 3 2 3 8 3 8

N W E N DR VR N SR B ' T T O TN T T T |

| NN S RN Tt 0 L B LN N SRR LS A B I SR (NN A I |
vo® e se 3 38 3388 3 3 3ES O

LOUDNESS, SONES

FIGURE 10, LOUDNESS LEVEL AND LLOUDNESS NOMOGRAM (REFERENCE 9},
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DISTANCE
200 FEET
90

102

TIELOWN
THRUST~8000 LBS.

Ve =720F.P.S,

FIGURE 11, HU<1A EXTERNAL OVER=ALL SOUND PRESSURE LEVEL DISTRIBUTION,
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—=—N
89

87

S

DISTANCE
200 FEET

51 81

83

TIFDOWN
THRUST~$000 LBS
Vi =720F.Ps

FIGURE 12, HU=1A EXTERNAL OVERwALL SOUND PRESSURE LEVEL
DISTRIBUTION WITH TAIL RUTOR DISCONNECTED .
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105

{ EONFIGURA';"ON GW', L85
© I 5800, 6800
» A It 5800
w 106 o " 6000, 6400 —]
O
ut
(8]
) .078
S 95 4 — -C14 = os Y -
4 | /
0.10
w Y .-—//40 P
o t = 753 F.P.S, .\
N
- w B/ OO " .
90 720 _ -
a 7 /
z 652 | =
2 -
-
4 as
<
3 HOVER
& DISTANCE = 200 £T
[o]
) 80
0 20 40 €0 80 100 120 140

BLADE LOADING, LBS/FT2

FIGURE 13. MAXIMUM OVER=ALL SOUND PRESSURE LEVEL AS A FUNGTION
OF BLADE LOADING AND TIP SPEED,
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120

... —TA!L ROTOR 2/REV
110 1 o~

CONFIGURATION | S \/MW
GW - 640C L.BS  _ ‘“\’\
100 %/'

I - “MAIN ROTOR 2/REV

BL = 116 LBS/FT*

T T W\ MW‘W '

‘\M/\»
90 + - e MU
80 - APPRQA.CH —w e e f,':Y O_VE?,R e
; 1 | 1 |
300 e 100 o] 100
120
110 . e e —_— e
w

CONFIGURATION [l

1. 6w =s6200 LBS . M AW&_, Yoo e
100 BL =83 LBs/FT2 ”\v r’\\ ,.M. ¥ ;
+ A
.l‘

Vi =724 F.P.S,
o b ALTITUDE =250 FT

OVEFR-ALL SOUND PRESSURE LEVEL, DECIBELS

APPROACH ——~ FLY-OVER
04— AT L
1 T L i
300 200 100 0 100
120

YMAIN ROTOR 3/REV
110 -

CONFIGURATION it —

1004 GW = 8400 LBS — }.—
BL =86 LES/FT W
Vi =724 F.P.S. A
904— ALTITUDE =80 FT %

00 APPROACH —» FLY=OVER
] ] | !
ano 200 100 0 100

HORIZONTAL DISTANCE FROM MICROPHONE, FEET

FIGURE 14, GROUND NOISE DURING FLY=OVER {80=KNUT LEVEL FLIGHT).
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FIGURE 16, TIME HISTORIES OF TWO-BLADED MAIN ROTOR VORTEX NOISE.
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APPENDIX

COMBINED ACOUSTICAL AND DYNAMIC AIR LOAL DATA

Presented in the followiung pages are portions of the basic main rotor aur
load data which were recorded during the subiect prooram, Daia ror two
flight conditions are given: :
knot deceleration mar—-u. 0, b the differential
blade - _.ures measured at and 95 per cent radius,
tespertively, are or o ored, Noted on caecint plot are chord 1ncavions of
the varions trancducers and roriesponding trace identificaticn numbers,
The awer-all internal sound pressure level measured by portable acousti-
cal equipment is given by trace mumber eight (3) in Figure 42,

LoFlipht unua oa 00- Yo 2ero-

The trace sensitivities based on a reference calibration pressure are
given in Table 11, The trace numbers, the location of the transducers,
the trace zeros (reference line of zero A P), and the cali“-ation
constants for each radial position are noted, The calibration con-
stants are piven in differentia: pressure {p,s.i,) per inch of trace
deflection,

Within the scope of the subject program, the location of the helicopter
with respect to the ground plane microphones and the azimuth positions
of the rotor could not be established during the fly-over tests, There-
fore, acoustical data of ground plane microphones taken during these
tests are not included.
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TABILE 11
. DIFFERENTIAL PRESSIRE TRACE SENSITIVITIES
CHOR®D TRACE CALIBRATION
TRACF LOCATION ZTIRO CONSTANT
RADTAL powriing NPRIBER I'er Cent inches Psi/Inch

40% R 6 4 .05 1,35
- i 7 17 .75 W71
: 3 34 1.72 . »43
9 63 214 «16
10 85 3.72 «10
75% R 1 2 -.01 1.80
2 9 .23 1.60
3 17 «41 1.16
4 2 35 1.09
: 6 63 2,07 23
} 7 90 2487 .13
85% R 1 2 =405 3440

2 4 12 34060 !
3 9 «64 2482
4 13 76 1.95
5 17 1.13 407
6 23 357 3408
7 34 3.13 1457
9 63 2438 « 37
10 77 3.71 «37
Y 11 90 4,71 36
90% R 1 2 -+03 3.88
2 9 54 3.65
3 17 1.70 4.07
4 23 33 2,05
5 34 1.81 1.53
| e 6 63 3.3 62
A 7 20 4478 +30
95% R 1 2 .08 3.87
2 9 77 5238
3 17 1.97 4.22
4 23 1.22 2,11
[ 63 2e45 48
s 7 90 4455 «17

]
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GSCONARC 3
First US Army 3
Second US Armiy 2
Third US Army 2
Fourth US Army 1
Sixth US Army 1
USAIC 2
USACGSC 1
USAWC 1
USAATBD 1
USAARMBD 1
USAAVNBD 1
USAPRECT 1
DCSLOG 2
Rsch Anal Corp 1
ARO, Durham 2
OCRD, DA 1
USATMC Nav Coord Ofc 1
NATC 2
CRD, Earth Scn Div 1
USAAVNS, CDO 1
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CECDA
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USATDB

USATMC

USATC&FE

USATSCE
USATRECOM

USA Tri-Ser Proj Off
USATTCA

TCLO, USAABELCTBD
USASRDL LO, USCONARC
USATTCP

OUSARMA
USATRECOM LO, USARDG(EUR)
USAEWES

TCLO, USAAVNS

USATDS
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USARPAC

EUJSA

USARYIS/IX CORPS
USATAJ

USARHAW

ALFSEE
USACOMZEUR
USACARIB

AFSC (SCs-3)
APGC (PGAPFI)

Air Univ Lib

AFSC (Aero Sys Div)
ASD (ASRMPT)

CNO

CNR

BUWEPS, DN
ACRD({OW), DN
BUY & D, DN
USNPGSCH

CMC

MCLFDC

MCEC
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MCLO, USATSCH
USCG

Lewis Rsch Cen, NASA
Sci & Tech Info Fac
USGPO

ASTIA

HUMRRO

US Patent Ofc, Scn Lib
ASD, FCL

MCCOM

USSTRICOM

Bell Helicopter Co.
NAFEC

Langley Rsch Cen, NASA

Geo C. Marshall Sp Flt Cen, NASA

MSC, NASA
NASA, Wash., D. C.

Ames }sch Cen, NASA
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